Highly ordered ZnO nanowire arrays were fabricated by oxidizing the metal Zn that was electrodeposited in the pores of anodic alumina membranes (AAMs). The diameters of ZnO nanowires range from 15 to 90 nm. Atomic force microscope, x-ray diffraction, and transmission electron microscopy observations indicate the polycrystalline ZnO nanowires were uniformly assembled into the hexagonally-arranged nanochannels of the AAM. A green emission band caused by the singly ionized oxygen vacancy in the ZnO nanowires was also reported.
I. INTRODUCTION
The large range of potential new materials applications made possible by the fabrication of uniform nanoscale structures have attracted a tremendous amount of interest recently. Anodic alumina membranes (AAMs) grown in acid electrolytes possess hexagonally ordered porous structures with pore diameters ranging from below 10 to 200 nm, pore lengths from 1 to over 100 m, and pore density in the range of 10 10 to 10 12 cm −2 . These unique structure properties and their thermal and chemical stability make AAMs ideal templates for the fabrication of uniform nanoscale structures. Template method 1 has synthesized a variety of ordered nanostructures including small quantum-sized particles, 2 magnetic metal nanowires, [3] [4] [5] single-crystal superconductor nanowires, 6 nanowires with large magnetic resistance, 7, 8 arrays of microdiode, 9 and gold nanodot arrays. 10 In this work we synthesized the arrays of semiconductor ZnO nanowire by oxidizing Zn that was electrodeposited in the pores of AAMs. As a wide-band-gap semiconductor, ZnO is of interest for low-voltage and short-wavelength (green or green-blue) electro-optical devices such as light-emitting diodes and diode lasers. ZnO nanoparticles offer considerable potential as starting material for other applications such as transparent ultraviolet protection films and chemical sensors. The properties of high aspect ratios and small sizes of ZnO nanowires are expected to improve the luminescence efficiency of the electro-optical devices and the sensibility of the chemical sensors. The uniform order of the ZnO nanowire arrays and the quasi-continuous controllability of lengths and diameters of the ZnO nanowires make it more practical to apply ZnO in electrodevices and chemical sensors.
II. EXPERIMENTAL
The AAMs were fabricated by using a two-step anodization process. 12 The aluminum plates (99.999% purity, 0.3 mm thickness) were degreased in acetone, and then annealed in vacuum at 450°C for 3 h to remove the mechanical stresses and recrystallize. Then the aluminum plates were electropolished under a constant current condition of 90 mA cm −2 for 3 min in a mixture of HClO 4 and C 2 H 2 OH at room temperature to smooth the surface morphology.
To obtain AAMs with different pore diameters (in the range from 15 to 90 nm), we selected a series of anodic oxidation parameters (see Table I ). In the first anodization process, the treated aluminum plates were exposed to the corresponding acid solution under constant voltage v in a thermally isolated electrochemical cell at temperature t for 3 h. During anodization, the electrolyte was vigorously stirred using a pump system. Then, the produced alumina layer was removed by wet-chemical etching in a mixture of phosphoric acid (6 wt%) and chromic acid (1.5 wt%) at 60°C for 3 h. The second anodization process used the same parameters as in the first step. After coating a protecting layer on the surface of the porous alumina film, the remaining aluminum substrate was removed in a saturated HgCl 2 solution. A subsequent etching treatment was carried in a 6 wt% phosphoric acid at 30°C for 70 min to remove the barrier layer on the bottom side of the AAM.
The electrochemical deposition method has been used to prepare a variety of metal nanowires and nanoparticles in AAMs. 4 ,5,10,11 A layer of Au sputtered onto one side of the membrane served as the working electrode in a standard three-electrode electrochemical cell. The electrolyte contained 80 g/l ZnSO 4 и 7H 2 O and 20 g/l H 3 BO 3 . The electrodeposition was carried out at 1.25 V relative to the Ag + /AgCl reference electrode, with carbon serving as the counter electrode at room temperature. The deposition speed is 0.9 m/min.
Oxidation treatments of the metal Zn electrodeposited in the pores of AAM were performed in air. The samples were placed on a quartz boat and inserted into a resistanceheated furnace, and then heated to 300°C for 2 h. After annealing, the samples were cooled to room temperature in a furnace.
An Auto Probe CP atomic force microscope (AFM) was employed to characterize the morphologies of the as-prepared AAM.
X-ray diffraction (XRD) spectra were measured on a diffractometer with Cu K␣ radiation (type D/MAX-␥A). All samples were analyzed at 40 Kv and 200 mA in the range of 20°< 2 < 80°.
Transmission electron microscopy (TEM) observation was performed on a JEM-200CS transmission electron microscope. For TEM observation, the crushed alumina membrane with ZnO produced in its pores was ground down in ethyl alcohol and then adhered onto the carbon film covering the copper grid.
Photoluminescence (PL) spectra were made on a HITACHI 850-type visible-ultraviolet spectrophotometer with a Xe lamp as the excitation light source at room temperature. The excited wavelength was 410 nm and a 430-nm filter was used.
III. RESULTS AND DISCUSSION
AAMs with throughout pores in parallel arrangement were fabricated by using this two-step anodization process. The pore diameters range from 15 to 90 nm. The depth of the anodic alumina pore, equal to the thickness of the freestanding porous alumina layer, which can be measured under an optical microscope, is proportional to the second anodization time. Longer anodization time favored not only increasing the pore depths but also extending the uniformity of the AAM. The rates of pore growth were about 2-4 m/h. The thickness of our AAM is about 50 m and the aspect ratios (length to diameter) of pores are in the range from 500 to 2500. Figure 1 shows AFM top-view micrographs of the as-prepared AAM with different pore diameters. Almost perfect hexagonally arranged pore domains can be seen. The pores with a narrow size distribution are surrounded by six columnar oxides, which are interconnected to form a network structure. Figure 2 (curve a) gives the XRD pattern for the metal Zn deposited in AAM with pore diameter of 40 nm. To avoid the reaction between the deposited Zn with O 2 in air, these XRD spectra were measured immediately after the Zn was electrodeposited in the pores of AAM. No peak associated with ZnO was found in these spectra. After the AAM with Zn deposited in its pores was exposed to air at room temperature for 1 week, there was still no ZnO peak found in XRD spectra. This result proved that the metal Zn filled the pores of AAM fully, and there was no space existing between Zn and Al 2 O 3 to allow the O 2 to flow in. Only the top parts of the Zn nanowires were oxided and our XRD device could not detect the existence of little ZnO. We concluded that the structure of ZnO nanowire array synthesized in AAM is exactly the negative replication of the honeycomb structure of AAM. The diameter of ZnO nanowires is equal to that of the pores in which ZnO was produced. After the AAMs with Zn electrodeposited in their pores were heated at 300°C for 8, 15, 25, and 35 h, their XRD patterns were as shown in Fig. 2, curves b to e, respectively. These XRD spectra show that the intensities of the Zn peaks become weaker and those of the ZnO peaks became stronger with the increases of thermal treatment time. After AAM with Zn deposited in its pores was heated at 300°C for 35 h, all of the Zn peaks disappeared, which means that the metal Zn deposited in the pores of AAM has been oxided thoroughly. In Fig. 2(e) , the peak positions and their relative intensities are basically consistent with those of the standard powder diffraction patterns of ZnO, which proves that there is no preferred orientation and that the ZnO nanowires are polycrystals. The broadening of the ZnO peaks is due to the effect of small particle size. These results indicate that highly ordered ZnO nanowire arrays can be prepared by oxidizing the metal Zn that was electrodeposited in the pores of AAM in air at 300°C for 35 h. Figure 3 shows the cross-section TEM image of AAM (pore diameter 40 nm) with ZnO produced in its pores.
Comparing it with the cross-section TEM image of the blank AAM, we found that the deep-color area corresponds to the ZnO produced and the low-color area corresponds to the Al 2 O 3 as supporting frame. The ZnO nanowires are distributed in the porous alumina periodically with constant interval and the arrays of parallely aligned ZnO nanowire are fabricated.
The PL patterns for AAM with ZnO produced in its pores and blank AAM are shown in Fig. 4 (curves 1 and 2), respectively. The pore diameter of the AAM used here is 20 nm. The blank AAM was annealed at 300°C in air for 35 h before its PL spectra were measured. The PL spectrum pattern [ Fig. 4 (curve 1)] for Al 2 O 3 assembly consists of a green emission band. The emission center is at 515 nm. Curve 2 in Fig. 4 shows that the luminescence intensity of the blank AAM is much weaker. Therefore, it can be deduced that the green emission band arises from the ZnO nanowire arrays in AAM. Moreover, it should be pointed out that the PL intensity for ZnO nanowire arrays is much higher than that for fresh iron-passivated porous Si 13 measured under the same conditions.
In the past several decades, many authors have studied the green luminescence mechanisms of ZnO, [14] [15] [16] [17] [18] [19] [20] [21] [22] and various models have been proposed. Vanheusden et al. 23 explored the green luminescence mechanism of ZnO by combining PL, optical absorption, and electronparamagnetic-resonance sepctroscopes. Their results fully prove that the singly ionized oxygen vacancy is responsible for the green emission in ZnO and this emission results from the recombination of a photogenerated hole with a singly ionized charge state of this defect. It can be deduced that the more singly ionized oxygen vacancies there are, the stronger the luminescence intensity is. The ZnO nanowire arrays as prepared, synthesized under oxygen scarcity atmosphere, feature high density of singly ionized oxygen vacancy. As we observed, this property will enhance the effect of PL in the highly ordered ZnO nanowire arrays.
IV. CONCLUSIONS
We synthesized highly ordered ZnO nanowire arrays by oxidizing the metal Zn that was electrodeposited in the pores of AAM. The ZnO nanowire diameters range from 15 to 90 nm. The observations of AFM, XRD, and TEM indicate that the polycrystalline ZnO nanowires were uniformly assembled into the hexagonally arranged nanochannels of the AAM.
